Abstract
Introduction
Flow in manifolds is an essential part of several technical processes in which a large fluid stream is to be divided into more parallel streams, the streams are to be operated separately and then collected into one stream. For example, flow manifolds are used in air engineering [1] , water and wastewater treatment [2] , polymer processing [3] , and they are also important elements of chemical reactors [4] , fuel cells [5, 6] and heat exchangers [7] . Manifolds can be classified into the following types: combining-, dividing-, reverse-, and parallel-flow manifolds as can be seen in Fig. 1 . Due to the large number of applications, several studies focus on the investigation of flow manifolds and construct models for manifold design (see a recent review by Hassan et al. [8] . Achieving uniform flow distribution is usually the primary goal of a manifold system design; the uniformity often determines the efficiency of the technical process and the durability of applied devices.
There are four approaches to investigate flow distribution and pressure drop in a flow manifold: analytical models [4] [5] [6] [7] , computational fluid dynamics (CFD) models [9] [10] [11] [12] [13] [14] [15] [16] , discrete models [17] [18] [19] and experimental measurements [11, 14, [20] [21] [22] .
In an analytical (or continuous) model, the flow branching off is considered to be continuous along the manifold.
Continuous models solve sets of ordinary differential equations, and the solutions are usually fully explicit. Due to the compact and simple solutions, analytical models are flexible and simple for designers. However, continuous manifolds are limiting cases of discrete manifolds [23] .
In discrete models, manifolds are regarded as networks of several junctions. A discrete model solves a system of difference equations by means of an iterative method, and the designer usually needs to use a computer programme for the calculations. This approach can be expansively applicable for design tasks if the flow coefficients, such as the pressure recovery, turning loss and friction coefficients, are accurately determined.
CFD is a modern approach; it is continuously developing and increasingly popular among researchers. A CFD model can resolve real engineering structures and provide detailed pressure and flow field results. The major advantage of this approach over the two earlier methods is that the flow coefficients (loss coefficients) are not needed. However, the reliability of these results is often questionable. Moreover, CFD for optimizing complete manifold geometries has high computational cost -particularly for 3D complex structures.
Results of high-standard experiments can be used for the validation of various model results. Reference data from reliable experiments are valuable per se. Nevertheless, these investigations are usually time-consuming and the applied devices are often expensive. Most of the available experimental investigations [20] [21] [22] contain old experimental data without specified error bars; therefore, it is not appropriate to use them as reference data.
In the present paper, a novel discrete model for dividingflow manifold design is formulated. Instead of applying constant pressure recovery, turning loss and friction coefficients, variable flow coefficients are implemented in the model. Wang and Wang [19] use also varying coefficients; however, in the present model, a recently developed correlation for the coefficient of turning losses [24] is involved and tested.
Flow distributions along a simple dividing-flow manifold are determined by means of three different approaches consisting of two theoretical models and laboratory measurements. The applicability and accuracy of the discrete model including the mentioned loss coefficient formulation is investigated by comparing its calculated results with own experimental data. A CFD model is also constructed, and a thorough validation procedure is performed.
Models for flow distribution in a dividing-flow manifold
In our study, a dividing-flow manifold with five ports and a specified geometry is investigated (Fig. 2) . The inner diameters of the header and ports are D 1 = 20 mm and D 2 = 10 m, respectively. The length of each branch tube is L 2 = 12.5 mm, and the distance of two neighbouring laterals is L 1 = 60 mm. Dimensionless volume flow rate (q v2 (i)/q v0 ) distributions along the manifold are calculated with two different approaches: a new discrete model and a CFD based approach are applied. In order to validate the results, laboratory experiments are also carried out. 
Discrete model
In the present paper, steady-state incompressible singlephase flow is considered under isothermal conditions. Before the first lateral, fully developed flow is assumed. The schematic of the discrete model of the dividing-flow manifold can be seen in Fig. 3 . The control volumes for the ith section are also indicated. The parameters of the system are the Reynolds number at the manifold inlet (Re 0 ), the diameter ratio (D 2 /D 1 ), the ratio of port length to port diameter (L 2 /D 2 ), the ratio of the distance between two ports to header diameter (L 1 /D 1 ) and the total number of ports (n). The actual control parameter is the Reynolds number at the manifold inlet.
Considering the control volume for momentum in Fig. 3 , the momentum equation in the axial direction can be written as
where p l and p r are upstream and downstream static pressures, respectively; ΔP f is the friction loss, v 1 is the flow velocity in the header, ρ is the fluid density, k is the pressure recovery factor and i = 1, 2, … n, where n denotes the total number of laterals. In our case, n = 5. In the course of the branching process, some of the fluid entering the port retains a part of its initial axial momentum as it crosses the control surface and leaves the header [25] . This momentum recovery phenomenon is taken into consideration by introducing an empirical coefficient k in the momentum equation.
A modified Bernoulli equation between p t (i-1) and p t (i) can be obtained by choosing the appropriate location of the control volume for momentum (in an extreme case, the control surfaces are at the junctions), using that
and modifying Eq. (1) as follows:
where p t is the total pressure and λ 1 is the pipe friction factor for the header flow. Wang et al. [4] provide an expansively applicable formula for the calculation of the pressure recovery factor k(i):
in which α and β are constants depend only on the manifold geometry. For the present geometry, α = 0.5 and β = 0.1 [4] . The Bernoulli equation for the port flow can be written as follows:
in which C f is the turning loss coefficient, λ 2 is the pipe friction factor for the lateral flow, v 2 is the flow velocity in the port and C fe is the extended turning loss coefficient. The extended turning loss coefficient, C fe (i), can be calculated according to the following formulation introduced by Kristóf and Tomor [24] :
where Re 1 is the Reynolds number in the header, A 1 , A 2 , B 1 , B 2 , C and D are constants depend on the geometry and the critical velocity ratio, CVR(i), can be calculated as
For the present geometry, A 1 = 5.143, A 2 = 0.271, B 1 = -0.099, B 2 = 0.080, C = 0.434 and D = 0.058 as can be seen in Table 1 .
The method and calculations for the determination of the constants in Table 1 are described in the previous study of Kristóf and Tomor [24] . The loss coefficient formulation is elaborated using validated results of modern three-dimensional computational fluid dynamics methods. The loss coefficients are determined by a nonlinear fit, and the constants are obtained by the fitting procedure.
The value of C fe (i) also involves the friction loss due to the port wall friction; therefore, calculation of λ 2 (i) is not required in the present model. For hydraulically smooth pipes, the following well-known formulas [4] can be used for the calculation of the λ 1 (i) friction factor: 
Re for
The continuity equation is
The boundary conditions can be specified as The formulation of the hydraulic network model is represented by Eqs. (4)- (14); the system of equations can be solved iteratively, e.g., using the Newton-Raphson method. 
CFD model
A slightly simplified manifold geometry is created by ANSYS DesignModeler, and the numerical mesh is prepared using ANSYS Meshing in ANSYS Workbench 14.5. Due to the symmetry, it is sufficient to model only one half of the manifold.
The MultiZone method of ANSYS Meshing allows us to construct high-quality meshes. The quality of these grids is similar to that of the well-constructed block-structured grids. In the vicinity of the ports, some tetrahedral elements are used instead of the dominant hexahedral cells. Near the walls, an inflation layer is generated applying prismatic elements.
The simulations are executed using ANSYS FLUENT 14.5. The model solves the standard three-dimensional Reynoldsaveraged Navier-Stokes and continuity equations for steady state turbulent flow based on the k-ω SST turbulence model [26] . Some previous studies [11, 16] use the standard k-ε turbulence model; however, the boundary layer is greatly resolved in the present study, and the k-ω SST turbulence model is more feasible in our case [26] . The pressure based solver is applied, and the working fluid is incompressible air. The Coupled solution algorithm is used for the pressurevelocity coupling. Every flux formulation is implemented using the second order upwind differencing scheme.
At the inlet of the header, velocity inlet boundary condition is prescribed: The profiles for turbulent quantities and velocity are defined from the results of auxiliary simulations of fully developed flow in an infinite length cylindrical pipe modelled with the help of periodic inlet-outlet conditions. Due to the relatively short port lengths, the presence of recirculating flows is expected at the outlets of ports; therefore, pressure outlet boundary conditions are applied on the boundaries of rectangular boxes attached to the port outlets in order to achieve realistic outlet conditions. Here, the pressure is set to zero. Symmetry and wall boundary conditions are prescribed according to the plane of symmetry and pipe wall, respectively. At the closed end of the header, wall boundary condition is applied. The numerical mesh for the investigated manifold with the prescribed boundary conditions is shown in Fig. 4 .
In the course of the simulations, the iterations are carried on until iterative convergence is achieved with at least four orders of magnitude decrease in every residual. The results are also checked for mesh independence, and a mesh with a cell number of about 1,200,000 is accepted. This mesh is refined twice successively by a refinement factor of 1.5. The uncertainty due to discretization is estimated based on the Grid Convergence Index (GCI) method [27] . The uncertainty estimation is done for local velocities and pressure values, and all the estimated relative errors are below 3.5%. Simulations are run for three different Reynolds numbers at the inlet (13200, 26000 and 39200). A representative result of the velocity distributions can be seen in Fig. 5 for Re 0 = 39200. 
Physical model and experimental setup
A simple experimental system including a dividing-flow manifold with the previously presented geometry (see Fig. 2 ) is constructed, and dimensionless volume flow rate distributions along the manifold are determined for three different Reynolds numbers at the manifold inlet. In the course of the measurements, the working fluid is air with a constant temperature of 24°C, and the ambient pressure is 101 kPa. The experimental setup and concept are the following (Fig. 6) :
The flow is driven by a blower with adjustable rotational speed, which is connected to a hydraulically smooth PVC pipe with an inner diameter of D 0 = 59.4 mm. A standardized [28] through-flow orifice plate is built into the pipe in order to measure the reference volume flow rate. A confuser is connected to the open end of the PVC pipe, and the manifold is placed at the confuser outlet. The manifold is fabricated from a hydraulically smooth aluminium pipe with an inner diameter of D 1 = 20 mm. The distance between the first port of the manifold and the confuser outlet is 4.5D 1 . Volume flow rates through ports are deduced from velocity data measured by a small-diameter (0.6 mm) Pitot probe. As can be seen in Fig. 5 , the flow is not fully developed at any of the port outlets; in this case, the streamlines are not parallel. However, in the jets that leave the ports, the following equality is assumed to be valid considering the ambient pressure the reference (p 0 = 0):
where p tp is the total pressure measured by means of the Pitot probe and v p is the flow velocity at the measurement point. This assumption can lead to small distortions of the measured velocity values and the determined volume flow rates; therefore, it slightly increases the experimental uncertainty. Figure 7 (a) shows a typical result for velocity distribution in the outlet cross section of a port obtained from CFD simulations. In this situation, it is inadvisable to use standard measurement techniques, such as the log-lin method [29] . Hence, a unique method consisting of 21 measurement points is applied in order to achieve a sufficiently high resolution in the investigated cross section and to keep the measurement time to a practicable minimum. The location of the 21 measurement points can be seen in Fig. 7(b) ; these points are located on a plane at a distance of 3 mm from the port outlet. Volume flow rate through the ith port can be calculated as
where A p is the area that belongs to the jth measurement point of the ith port.
The intrusiveness of the probe can be reduced by choosing the mentioned 3 mm distance instead of measuring directly in the outlet cross section. Moreover, negative v y velocities are negligible at this distance according to our CFD results, and the introduced measurement method is applicable. However, volume flow rate in the free jet increases with the increase of the distance from the outlet due to the entrainment, which causes a bias error in volume flow rate measurements.
Experimental uncertainty of volume flow rates through ports consists of more error types. Pressure differences are measured with calibrated digital manometers with a measurement accuracy of ± 2 Pa; considering this accuracy, precision errors of the determined volume flow rates are calculated according to the propagation of error [30] . The applied resolution consisting of 21 measurement points involves a small uncertainty per se, which is estimated by means of CFD simulations, together with the previously presented bias error caused by measuring at a distance of 3 mm from the port outlet. Volume flow rates are reported directly, and they are also deduced from velocity data according to a virtual measurement. Results of the two different methods are compared to each other, and accordingly the error can be estimated. From the CFD results, confidence interval estimation with 95 percent confidence is performed assuming normal distribution. Uncertainty that arises from using Eq. (15) is several orders of magnitude smaller than other errors and can be neglected. The total experimental uncertainty is the square root of sum of squares of the different errors [30] . It is important to note that uncertainties of dimensionless volume flow rates are estimated to be smaller than those of non-dimensionless volume flow (16) (15) rates due to the similarity of velocity distributions in the outlet cross sections of ports, and they will be reported later.
Reference volume flow rates measured by the orifice plate also involve experimental uncertainty, which is estimated according to the standard [28] . It is important to emphasize that the present configuration (see Fig. 6 ) involves 0.5% additional uncertainty. Moreover, the total uncertainty of the reference volume flow rate measurements includes the precision error that is calculated from the measurement accuracy (± 2 Pa) of the calibrated manometers according to the propagation of error [30] .
The three different volume flow rates measured by the through-flow orifice plate are 0.0032±0.0001 m 3 /s, 0.0063±0.0002 m 3 /s and 0.0095±0.0003 m 3 /s, and accordingly the three Reynolds numbers are 13200±400, 26000±800 and 39200±1200, respectively.
Results and discussion
Dimensionless volume flow rate distributions along the investigated dividing-flow manifold are determined by three different methods, and results of the different approaches are compared to each other. In order to obtain dimensionless quantities, volume flow rates through ports are divided by the total volume flow rate, q v0 , which is the sum of the branched off volume flow rates and belongs to Re 0 . Results for three different Reynolds numbers at the manifold inlet are summarized in Table 2 , and some representative distributions are illustrated in Fig. 8 . As can be seen from Table 2 , fairly narrow experimental error bars are given for each of the measured dimensionless volume flow rates, and all the results of the three different methods are within these error bars. The measured distributions are accurately reproduced by the CFD and discrete models. In the investigated Reynolds number range, dimensionless volume flow rate distributions are almost independent of the Reynolds number at the manifold inlet. This observation is in accordance with the results of Kubo and Ueda [21] . The mechanism of the phenomenon is also discussed by Wang [23] . In short manifolds, where the ratio of manifold length to diameter is small, the effect of the momentum is dominated so that the effect of the friction can be neglected. In the present paper, a relatively short manifold is investigated; therefore, flow distributions depend slightly on the Reynolds number at the manifold inlet, as it was expected.
In order to validate the measured branched off volume flow rates at the three different Reynolds numbers, total volume flow rates are also determined by summing the volume flow rates through each of the ports measured by Pitot probe. Total volume flow rates measured by the through-flow orifice plate and deduced from velocity data are compared to each other, and good correspondence is found as can be seen in Table 3 . 
